NGF (nerve growth factor) binding to TrkA (tropomyosin receptor kinase A) induces dimerization, autophosphorylation and internalization of the receptor to signalling vesicles for delivery of differentiation signals. TrkA interacts with p75 receptor through the p62-TRAF-6 (tumour-necrosis-factor-receptor-associated factor 6) complex bridging the two receptors. The atypical protein kinase C is activated and recruited to the receptor complex as well. TrkA is Lys 63 -polyubiquitinated on Lys 485 by the E3 (ubiquitin ligase), TRAF-6, and E2
Introduction
NGF (nerve growth factor), BDNF (brain-derived neurotrophic factor), NT-3 (neurotrophin-3) and NT-4/5 (neurotrophon-4/5) belong to a family of structurally related neurotrophins. NGF was discovered 50 years ago as a molecule that regulates survival, differentiation and maintenance of sensory and sympathetic neurons [1] . NGF is a 26 kDa homodimer of 13 kDa polypeptides and is also known as βNGF. Neurotrophins can bind to two classes of cell-surface receptors, namely a high-affinity tyrosine kinase Trk receptor and a low-affinity p75 NTR receptor [2, 3] . NGF specifically binds TrkA (tropomyosin receptor kinase A), which is the prototype of the Trk family; BDNF and NT-4/5 bind to TrkB and NT-3 to TrkC [4] . All neurotrophins bind to the p75 NTR receptor with similar affinity, but with different kinetics [5] , and this functions as a co-receptor for Trk. TrkA, TrkB and TrkC possess 66-68% amino-acid sequence similarity [6] . All three Trk receptors have similar tyrosine kinase catalytic domains and extracellular domains containing three repeats of an immunoglobulin-like domain [7] .
Endocytosis of TrkA
NGF binding to the tyrosine kinase receptor TrkA stimulates its dimerization and autophosphorylation of tyrosine Key words: internalization, neutrophin receptor, p62, sorting, tropomyosin receptor kinase A (TrkA), ubiquitin. Abbreviations used: E1, ubiquitin-activating enzyme; E2, ubiquitin-conjugating enzyme; E3, ubiquitin-ligase; ERK, extracellular-signal-regulated kinase; HECT, homologous to E6-associated protein C-terminus; IL-1, interleukin-1; MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor κB; NGF, nerve growth factor; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; aPKC, atypical PKC; cPKC, conventional or classical PKC; nPKC, novel or non-classical PKC; RING, really interesting new gene; Shc, Src homology and collagen homology; TNF, tumour necrosis factor; TRAF-6, TNF receptor-associated factor 6; TrkA, tropomyosin receptor kinase A; UBA domain, ubiquitin-associating domain. 1 To whom correspondence should be addressed (email wootemw@auburn.edu).
residues Tyr 499 , Tyr 679 , Tyr 683 , Tyr 684 and Tyr 794 in the intracellular domain of the receptor, and activation of signalling intermediates such as PLC-γ 1 (phospholipase C-γ 1) [8] . The adaptor proteins Shc (Src homology and collagen homology), FRS2 (fibroblast growth factor receptor substrate 2) [9] and rAPS [rat adaptor protein with a pleckstrin homology and SH2 (Src homology 2) domain]/SH2-B [10] interact with the activated Trk receptor. The interaction of Shc and the Trk receptor causes activation of downstream kinases, the ERK1/2 (extracellular-signal-regulated kinases 1 and 2), PI3K (phosphoinositide 3-kinase) and Akt [PKB (protein kinase B)]. ERK1/2 mediate neurotrophin-induced survival and differentiation [11] . This leads to the activation of the CREB (cAMP-response-element-binding protein) transcription factor [12] . PI3K plays important roles in the retrograde signalling pathway [13] . NGF also induces internalization of TrkA receptor to endocytic vesicles [14] . Trk endocytosis occurs through both clathrin-dependent and -independent mechanisms. The receptors are catalytically active and phosphorylated within signalling vesicles, where they are less accessible to membrane-associated phosphatases. Internalized TrkA receptors signal ERK/MAPK (mitogen-activated protein kinase) activation and regulate cell differentiation, whereas TrkA receptor signalling from the cell membrane is necessary for survival signalling [15] . Once internalized, the NGF-TrkA complex enters the endosomal sorting network and is recycled, subjected to retrograde transport or degraded [16] .
A member of the TNF (tumour necrosis factor) receptor family, the p75 NTR receptor, has a death domain and functions to promote apoptosis [17] . It is also involved in non-apoptotic or survival responses [18] , similar to other TNF receptors. There are numerous studies indicating a physical association between TrkA and p75 NTR [19] . It has been suggested that p75
NTR maintains TrkA in an internalization-competent state.
Regulation of TrkA by PKC (protein kinase C)/p62
NGF treatment of pheochromocytoma cells (PC12) results in differentiation from a chromaffin cell into sympathetic neurons [20] . These cells have long been used as a model system to study NGF signalling. PKC is a component of the NGF signalling pathway [21] . PKC consists of 12 related isoforms, which are divided into three families: Ca 2+ -dependent cPKC (conventional or classical PKC), which includes α, β I , β II and γ , Ca 2+ -independent nPKCs (novel or nonclassical PKCs) δ, ε, µ, η and θ , and aPKCs (atypical PKCs) ζ and 1/λ [22] . Treatment of PC12 cells with PMA results in down-regulation of both cPKC and nPKC isoforms, but has no effect on the expression of aPKC isoforms ζ and ι/λ [21] . Moreover, the aPKC isoforms are activated and required for NGF-induced neurite differentiation [21, 23] . In this regard, overexpression of the atypical PKC in PC12 cells enhances NGF responsiveness and survival through an NF-κB (nuclear factor κB)-dependent pathway [24] . NGF induces the co-association of the aPKC with Src kinase, leading to tyrosine phosphorylation on residues 256, 271 and 325 [25, 26] . Furthermore, phosphorylation of Tyr 256 facilitates nuclear import of the aPKC upon NGF stimulation [27] .
To identify aPKC-specific interacting proteins, the first 126 amino acids of aPKC were used as bait to screen a yeast two-hybrid library. From such screens, sequestosome 1/p62 was identified and shown to interact specifically with the aPKCs, but not other members of the PKC family [28, 29] . Moreover, p62 localizes to endosomes along with receptor and may have a role in receptor sorting [29, 30] . Sequestosome 1/p62 has several interaction modules that include a PB1 (Phox and Bem 1) dimerization domain, a ZZ-type zinc finger, a TRAF-6 (TNF receptor-associated factor 6) binding site, two PEST (Pro-Glu-Ser-Thr) sequences and an UBA domain (ubiquitin-associating domain) [31] . The presence of multiple interaction modules suggests that p62 serves as a scaffold for organization of aPKC signal specificity. The most well-described function of p62 is its role in activation of transcription factor NF-κB through recruitment of TRAF-6. The association of p62 with aPKC provides a scaffold for the NF-κB pathway for activation of TNF-α, IL-1 (interleukin-1) and TrkA receptor signalling pathways [31] .
The transcription factor NF-κB is activated by NGF binding to both TrkA and p75 NTR receptor [32] . The p75 NTR receptor has been shown to interact with TRAF-6 [33] , which can further bind to p62 [32] . TrkA recruits TRAF-6 through p62; thus the TRAF-6-p62 complex serves as a bridge linking TrkA and p75 NTR receptor together [32] . Moreover, removal of p62 blocked NGF-induced activation of IKKβ (inhibitory κB kinase β). In addition, removal of the tyrosine kinase, Src [26] , or mutation of Y325F impaired NF-κB activation along with NGF's ability to promote cell survival. Furthermore, the p62-aPKC complex serves as a platform for activation of IRAK (IL-1-receptor-associated kinase) by site-specific phosphorylation on Thr 66 [34, 35] .
Altogether, these results support a critical role for aPKC/Src and p62 in the regulation of TrkA signalling.
Polyubiquitination of TrkA
Ubiquitin is a small, highly conserved 76 amino acid polypeptide that is covalently attached to its substrates through an isopeptide bond between its C-terminal glycine and the lysine residues of the substrate proteins. Three types of enzymes are required for ubiquitination: E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme) and E3 (ubiquitin-ligase). The first step is catalysed by E1, which forms a high-energy thioester bond with the C-terminus of ubiquitin in an ATP-dependent reaction. The second step involves the transfer of the activated ubiquitin to the cysteine residue in one of 22 known E2 enzymes. In the last step, E3 enzymes mediate the formation of an isopeptide bond with the lysine residue in the substrate proteins. Two different families of E3s exist. HECT (homologous to E6-associated protein C-terminus) domain E3s transfer ubiquitin to the substrate through a covalent ubiquitin-E3 thiolester intermediate [36] . By comparison, RING (really interesting new gene) E3s transfer ubiquitin directly from E2 to the substrate [37] . Substrates can be mono-ubiquitinated or polyubiquitinated, linked through each of the seven lysine residues present in ubiquitin (Lys 6 [38] . Mono-ubiquitination and polyubiquitination have both been reported to be involved in internalization of several membrane proteins [39] . The function of Lys 48 -linked ubiquitin chains is to target proteins for proteasomal degradation, whereas Lys 63 -linked ubiquitin chains play a role in endocytosis, protein sorting and receptor trafficking [40] . TRAF-6 is an E3 RING ubiquitin ligase [37] directing the synthesis of non-canonical Lys 63 -linked polyubiquitin chains [41] and is itself activated by Lys 63 -linked polyubiquitination [42] . TRAF-6 requires p62 for both oligomerization and polyubiquitination. To serve this role, p62 must have both an intact UBA domain and TRAF-6 binding sequences [43] . In situ, p62 is also necessary for Lys 63 -auto-ubiquitination/ activation of TRAF-6 by NGF [43] .
A growing body of evidence reveals that p62 has affinity for multi-ubiquitin chains and may serve as a receptor to bind and store ubiquitinated proteins [44] . The UBA domain, a highly conserved motif of 45 amino acids, is found among proteins that have been shown to bind multi-ubiquitin in preference to mono-ubiquitin. Overexpression of p62 results in the formation of large aggregates [45] that stain for ubiquitin [44] . The sequestration of polyubiquitin into these aggregates mediates survival signalling and NF-κB activation [43] [44] [45] and they are the sites of TRAF-6 signalling. Upon stimulation of PC12 cells with NGF, p62 co-localizes with late endosomal markers [30] and TrkA [46] , which suggests that TRAF-6 may play a role in mediating delivery of TrkA to the late endosome.
Recently, we found that TrkA receptor is polyubiquitinated in an NGF-dependent manner. This is mediated through the activation of p75 NTR receptor by NGF binding, as TrkA polyubiquitination was abrogated in p75 −/− mouse brain ATP-dependent E1 catalyses the first step for ubiquitination, which leads to the conjugation of ubiquitin (Ub) to E1. In the second step, ubiquitin is transferred to UbcH7, E2. The third step results in Lys 63 polyubiquitination of TrkA, forming a complex of ubiquitinated TrkA, p62, TRAF-6 and UbcH7.
homogenate [47] . TrkA is polyubiquitinated by the UbcH7-TRAF-6 (E2-E3) complex (Figure 1 ). The interaction of the ubiquitination machinery with TrkA is mediated by p62 [47] , which serves as a bridge with p75 NTR [32] . TrkA is polyubiquitinated via non-canonical Lys 63 chains [46] at Lys 485 in the juxtamembrane region. The mutant TrkA (K485R) fails to internalize in the presence of NGF and, furthermore, does not activate MAPK and ERK5 downstream signalling cascades, unlike the wild-type TrkA (Figure 2 ). Since ubiquitination of TrkA is p75 NTR -dependent, these findings provide insight into the mechanism whereby p75 NTR may regulate TrkA internalization. TrkA/p75 NTR are co-internalized but sorted at the level of the multivesicular body, whereby TrkA enters a degradation pathway and p75 NTR may be recycled to the plasma membrane [48] . It is tempting to speculate that differential association of p62 and/or polyubiquitin chains may play a role in regulating this process.
A very recent report has shown that TrkA associates with and is ubiquitinated by Nedd4-2 [49] . This ubiquitination is characterized as multi-mono-ubiquitinated. This type of ubiquitination is characteristic of a clathrin-dependent internalization pathway that sorts receptors for lysosomal degradation [39] ; by comparison, polyubiquitination is involved in proteasome-mediated pathway. TrkA is also ubiquitinated by Nedd4-2 [49] ; however, p62/TRAF-6 association is common to TrkA, TrkB and TrkC [46, 47] and therefore may play a more generalized role in Trk trafficking. A long-standing theory in the ubiquitination field is that different E2/E3s and the chains they synthesize on target substrates define the functional biological specificity. However, growing evidence is emerging that protein-protein interactions targeted by these chains play an unappreciated role in the targeting of the ubiquitinated substrates. TRAF-6 is characterized as a RING-E3 that synthesizes Lys 63 chains, whereas members of the Nedd family are a HECT-type E3 ligase that synthesize Lys 48 chains. In this regard, Nedd-4 receptor targets undergo clathrin-dependent lysosomal degradation [39] . Therefore it is possible that the type of ubiquitin chain carried by the Trk receptor may define its ability to undergo both clathrindependent and -independent mechanisms of internalization and sorting. One could envision a model where different receptor-associating E3s and adaptors play a role in differential control of Trk internalization, trafficking and signalling. This scenario may explain the differential trafficking exhibited by members of the Trk family of receptors [50] .
Conclusions
Since p62 co-localizes with and binds TrkA [30, 45] through TRAF-6, it is not surprising that the inhibition of p62 expression or delivery of a cell-permeable peptide to the TRAF-6/p62 binding site blocks NGF-induced neurite outgrowth [30, 47] . Therefore it is likely that p62 plays a role in the transport of TrkA from the plasma membrane to the endosome (Figure 2) . Interestingly, TrkA/p75 NTR is sorted at the level of the multivesicular body for recycling or degradation [48] . Considering that p62 remains co-associated with TrkA at this level, p62 emerges as a critical regulator in internalization, ubiquitination, sorting and degradation pathways. Further studies are needed to define the relationship of the E3s, chains and shuttling proteins in the regulation of the TrkA, as well as TrkB and TrkC trafficking.
